Bacteria possess multiple mechanisms for the transport of metal ions. While many of these systems may have evolved in the first instance to resist the detrimental effects of toxic environmental heavy metals, they have since become adapted to a variety of important homeostatic functions. The 'P'-type ATPases play a key role in metal ion transport in bacteria. A Cu þ -ATPase from the intracellular bacterium Listeria monocytogenes is implicated in pathogenesis, and similar pumps in Mycobacterium tuberculosis and M. leprae may play a comparable role. Intracellular bacteria require transition metal cations for the synthesis of superoxide dismutases and catalases, which constitute an important line of defence against macrophage-killing mechanisms. The macrophage protein Nramp1, which confers resistance to a variety of intracellular pathogens, has also been shown recently to be a divalent amphoteric cation transporter. Mycobacterial homologues have recently been identified by genomic analysis. These findings suggest a model in which competition for divalent cations plays a pivotal role in the interaction between host and parasite.
Introduction
The dynamic relationship between pathogenic bacteria and their hosts is an area of profound medical and scientific interest. The long-recognized phenomenon of 'nutritional immunity', in which sequestration of iron and possibly other metals occurs as a non-specific host response to infection (Beisel, 1977) , hints in general terms at the possibility of keen competition between host and parasite for essential metal ions. However, much of the extensive literature on metal ion homeostasis in bacteria has addressed itself to mechanisms of environmental heavy metal resistance (Silver and Phung, 1996) , and it is not clear how, if at all, this relates to pathogenicity.
The antiquity of major metal transporter families is evident from their high degree of sequence, and presumably functional, conservation between bacteria and complex eukaryotes. Bacterial resistances to a wide variety of toxic heavy metal ions, including (Silver and Phung, 1996) . Four broad strategies for minimizing toxicity from metal ions are discernible in bacteria. These involve: (i) the ATP-driven efflux pumps comprising the 'P'-type ATPases and ATP-binding cassette (ABC) superfamilies (examples are the copB Cu þ efflux and the cadA Cd 2þ /Zn 2þ efflux 'P'-type ATPases of Enterococcus hirae and Staphylococcus aureus, respectively, and the ABCbased arsenic efflux pumps in a number of Gram-positive and Gram-negative bacteria); (ii) chemiosmotic systems (metal ion/proton antiporters), in which the energy for the secondarily active transport of the metal ion is provided by proton gradients, e.g. the Cd 2þ , Zn 2þ , Co 2þ (Czc) threecomponent systems found in the soil bacteria Alcaligenes spp.; (iii) redox systems, of which the merA mercuric reductase of Pseudomonas aeruginosa is the prototype; and (iv) metallothioneins -small metal-binding proteins previously believed to be confined to animal cells but recently identified in the cyanobacterium Synechococcus (Silver and Phung, 1996) . Over the course of evolution, these systems have been selected to perform physiological functions extending beyond those in bacteria. Thus, for example, the proteins associated with human copper metabolism, whose genes are mutated in the copper transport disorders Menkes and Wilson's diseases, are copper-transporting 'P'-type ATPases that bear a closer resemblance to bacterial heavy metal 'P'-type ATPases than they do to other mammalian ATPases (Bull and Cox, 1994) .
In recent years, it has become apparent that the regulation of metal ions plays a key role in a much broader sphere of bacterial homeostasis. These areas include the generation of electrochemical ionic gradients across membranes, which, in turn, provide the driving force for the secondarily active transport of metabolic precursors; the regulation of cell volume, which depends on the control of intracellular K þ in response to changes in the osmolality of the external milieu; and the regulation of trace metal ions such as copper, manganese, zinc and iron, which are essential components of metalloenzymes necessary for the survival of both prokaryotic and eukaryotic cells. Copper, for example, is an essential cofactor in a variety of redox enzyme systems, including lysyl oxidase, cytochrome c oxidase and several bacterial superoxide dismutases (SODs), as are iron, zinc and manganese (Sehn and Meier, 1994) . Iron is located at the active centre of catalase, an enzyme important for the disposal of toxic peroxide anions. These redox systems protect the organism against reactive oxygen intermediates, which may be generated either endogenously during aerobic respiration or exogenously by neutrophils or macrophages, the preferred host cell targets of a number of medically important human intracellular pathogens, such as Mycobacterium tuberculosis and M. leprae, Legionella pneumophila, Listeria monocytogenes, Mycoplasma spp. and Chlamydia spp.
Exposure to such metal ions, however, is a double-edged sword, for it is precisely those redox properties harnessed in the context of SODs that, in other circumstances, render them highly toxic through interference with the functioning of intracellular macromolecules and the generation of toxic free radicals. Thus, mechanisms for metal ion homeostasis or, more specifically, metal ion transport may constitute major adaptations to intracellular survival and replication among pathogenic bacteria.
These concepts are reinforced by new findings (Gunshin et al., 1997) which indicate that Nramp1 (natural resistanceassociated macrophage protein), which is associated with resistance to a variety of unrelated bacterial and protozoan intracellular pathogens (Vidal et al., 1995) , is probably itself a heavy amphoteric metal ion transporter. The 'P'-type ATPases, a ubiquitous and highly conserved superfamily of cation transporters, are also prime candidates for a central role in intracellular survival in addition to their housekeeping functions. Indeed, recent evidence for the role of a putative copper-importing 'P'-type ATPase as a virulence factor in L. monocytogenes (Francis and Thomas, 1997a,b) points to their potential importance for intracellular pathogens. Knockout mutants exhibited no phenotypic impairment when grown in competition with wild types in liquid media or in J774 or HeLa cell monolayers but were cleared much more rapidly from the tissues of infected mice. Thus, it now becomes possible to bridge the conceptual gap between the hitherto ill-defined importance of metal ions in host resistance and bacterial pathogenicity.
'P'-type ATPases
The 'P'-type ATPases are fundamental components of the cell's homeostatic apparatus. They constitute a large, ubiquitous and diverse superfamily of integral membrane proteins, containing 8-10 hydrophobic membrane-spanning helices (Moller et al., 1996) . Their core structure is conserved throughout the three major domains of living organisms: the Archaea, Prokaryota and Eukaryota. Most are involved in the transport of cations across cellular and subcellular membrane systems. Identified substrate specificities encompass Na
and Zn 2þ as well as aminophospholipids (Tang et al., 1996) . Their common biochemical characteristics include the utilization of energy derived from hydrolysis of the terminal pyrophosphate bond of ATP for the vectorial transport of cations across the cell membrane and a dual-energy state catalytic cycle involving a phosphorylated acyl-intermediate (hence 'P' type). The basic mechanism of ion translocation has been worked out for the Na þ /K þ and sarcoplasmic reticulum Ca 2þ ATPases and probably applies in general terms to all 'P'-type ATPases. ATP-dependent phosphorylation at a well-defined site on the cytoplasmic side of the protein is coupled with binding and occlusion of one or more intracellular cations. This generates a highenergy intermediate and induces conformational changes causing translocation of the cation across the membrane. Binding of an extracellular counterion to the now lowenergy-state protein is associated with dephosphorylation and transport of this ion into the cell. The orientation of the ATPase in the membrane is, therefore, defined by the fact that ATP is only likely to be available intracellularly. Consequently, as ATP-dependent phosphorylation appears to be a common feature of 'P'-type ATPases, those pumps whose function appears to be the uptake of a physiologically important ion (see below) must presumably export another intracellular cation. In many cases, this secondary ion has yet to be identified. Once thought to be poorly represented in bacteria, recent genome-sequencing initiatives have to date identified more than 50 bacterial ATPase sequences, including representatives of all the major subgroups. Although highly divergent in many regions, they display several extraordinarily wellconserved amino acid motifs at the phosphorylation and phosphatase sites and at the ATP-binding and cation transduction domains. These sequences can be regarded as signature motifs essential for classification (Fig. 1) .
'P'-type ATPases are subclassified on the basis of cation specificity and membrane topology as proposed by Lutsenko and Kaplan (1995 recognized on the basis of sequence homology. Many remain functionally uncharacterized. The majority of bacterial sequences are monosubunit members of the type I or heavy metal subclass and are probably involved in tolerance to heavy metal ions or in the scavenging of essential trace metals. Whether this apparent predominance of type I pumps is a true reflection of the distribution of 'P'-type ATPases in bacteria or whether it is an artifact of selective approaches to cloning will be clarified by the systematic sequencing of bacterial genomes currently in progress.
Functional studies on bacterial 'P'-type ATPases
In this section, we review those 'P'-type ATPases that have been investigated experimentally. Table 1 summarizes the properties of all 'P'-type ATPases identified in the 10 prokaryotic genomes sequenced to date, as well as those of other functionally characterized ATPases discussed below.
The E. coli KdpB ATPase
The inducible K þ uptake system of E. coli has been well characterized (Altendorf et al., 1992) and consists of a complex of three proteins, kdpABC, which are encoded as a single operon. kdpA contains a putative periplasmic K þ binding site, while kdpC may be analogous to the beta subunit of the mammalian heterodimeric Na þ /K þ ATPase. The catalytic subunit, kdpB, is a 'P'-type ATPase. K þ transport by kdpB is electrogenic (Fendler et al., 1996) . Homologues in numerous other Gram-negative bacteria, one Gram-positive bacterium, Bacillus acidocaldarius (Treuner-Lange et al., 1997) , and in M. tuberculosis (accession no. Z92539) have been identified. kdpB differs sufficiently from the type I and type II 'P'-type ATPases by virtue of its membrane topology (see Fig. 1 ) to merit its inclusion in a subclass of its own (the type III 'P'-type ATPases).
The kdpABC system is a high-affinity system (reflected by a K m for K þ of 2 M) for the uptake of K þ at low external K þ concentrations, in contrast to the constitutively active TrK and Kup systems with only a modest affinity for K þ (K m 1.5 mM). In this respect, it resembles several of the other bacterial 'P'-type ATPase-based ion transport mechanisms in providing a recruitable and tightly regulated system for reinforcing existing constitutive transporters under extreme or rapidly changing environmental conditions. It is likely that the kdp system plays a role in the regulation of cell volume, as the transcriptional regulation of the kdp operon is stimulated by low, and inhibited by high, turgor pressures (Epstein, 1992) . This regulatory system appears to be mediated by two proteins, kdpD and KdpE, which are encoded as an adjacent operon Section A lists, by organism, all 'P'-type ATPases identified in the 10 prokaryotic genomes completely sequenced at the time of writing, permitting comparison of ATPase number and diversity between genomes. Sequences were identified initially through the relevant genome sequencing project's own open reading frame annotations and checked for completeness through our own similarity searches using the TBLASTN algorithm, which searches translations of all six reading frames against a query protein sequence. Section B summarizes additional sequences discussed in the text. Acc. no: EMBL/GenBank Accession number. No. amino acids, MW, calculated number of amino acids and molecular weight. Class refers to the classificatory scheme based on that of Lutsenko and Kaplan (1995) discussed in the text. The transport activity quoted for most of the proteins derived from the completed genome data is speculative and based solely on sequence similarity to proteins in which the cation specificity has been experimentally verified. The 'heavy metal binding motif', GMXCXXC (where X ¼ any amino acid residue), is characteristic of the N-terminal region of most type I 'P'-type ATPases, although in several type I proteins this is replaced by a histidine-rich repeating motif, while in others no obvious heavy-metal binding region has so far been recognized. The M4 motif refers to the invariant proline residue (and subclass-defined adjacent residues) found in the transmembrane helix (M4) preceding the phosphorylation site motif, DKTGTXT. The 'HP' motif is another characteristic type I ATPase motif, located 34-43 residues downstream of the phosphorylated aspartyl residue. P, plasmid encoded; C, chromosomally encoded. *This sequence had only just appeared in the public domain at the time of writing and had not yet appeared on the EMBL/GenBank databases. Since then a further sequence (not shown) has been identified.
and whose sequences place them in the sensor-effector family of bacterial regulators.
Copper-transporting 'P'-type ATPases
There is genetic and biochemical evidence for coppertransporting 'P'-type ATPases in Enterococcus hirae, Helicobacter pylori, Listeria monocytogenes and Synechococcus spp. In E. hirae, copA and copB form part of a single inducible operon that also incorporates two transcriptional regulators, copY and copZ, located upstream of the ATPase sequences (Odermatt et al., 1993 (Odermatt et al., 1993) . Cu þ accumulation by everted membrane vesicles engineered to overexpress copB has been shown to be dependent on ATP hydrolysis and to be inhibitable by vanadate ions, confirming that copB is functionally a 'P'-type ATPase (Solioz and Odermatt, 1995) .
Knockout studies also show that copY is a transcriptional repressor and copZ a transcriptional activator of the copAB operon. Interestingly, both copY and copZ contain heavy metal binding motifs, reflecting their role in mediating the effect of ambient copper ions on gene expression.
Helicobacter pylori and Listeria monocytogenes Cu-ATPases
The complete genomic sequence of H. pylori reveals two putative Cu-ATPases, hpcopA and copA (see Table 1 ). Only hpcopA has been functionally characterized (Ge and Taylor, 1996) and forms part of a single operon with a short, downstream-encoded polypeptide, hpCopP, containing a heavy metal binding motif. Knockout mutants of hpcopA display reduced environmental copper tolerance, supporting a role for copA in copper extrusion.
The ctpA gene of the intracellular pathogen L. monocytogenes also appears to be involved in copper homeostasis (Francis and Thomas, 1997a) . Unusually, its product is shorter than other bacterial type I 'P'-type ATPases, with a truncated N-terminus lacking a heavy metal-binding motif. This is reminiscent of the initial report concerning the H. pylori hpcopA gene, which was also thought to lack a portion of the N-terminal region (Ge et al., 1995) . However, no upstream sequence containing the heavy metal motif has so far been identified. Significantly, knockout mutants were cleared more rapidly from the livers of infected mice than wild-type organisms and were rapidly out-competed by wild types in mixed infections (Francis and Thomas, 1997b) . This is the first direct evidence for the role of a 'P'-type ATPase in virulence. environments and are tightly regulated by the external Mg 2þ concentration (Roof, 1994) . Both bear a far closer resemblance to the eukaryotic SERCA and PMCA ATPases than to the bacterial heavy metal pumps and can clearly be classified as type II 'P'-type ATPases (Fig. 1) . They exhibit homologies to the eukaryotic SERCA ATPases in regions surrounding at least five of the six amino acid residues suggested by Clarke et al. (1989) as being critical for calcium binding and ion transduction in the rabbit SERCA pump. Differences with respect to certain key residues may reflect the different physicochemical properties of Mg 2þ and Ca 2þ .
Cadmium-transporting 'P'-type ATPases
Although both appear to perform the same function, they differ significantly in terms of amino acid sequence (only 50% identity), kinetic parameters and regulation (both are inducible but to greatly differing extents). mgtA displays 91% identity with a putative Mg 2þ transporter in E. coli (mgtA) (Burland et al., 1995) , suggesting that the two S. typhimurium genes are not the result of a recent gene duplication. Moreover, the mgtB locus occurs within a bicistronic operon, mgtCB, incorporating a smaller gene, mgtC, which encodes a protein essential for the full expression of the Mg 2þ -scavenging phenotype (Snavely et al., 1991) . A further feature of these transporters is the fact that, unlike all other biochemically characterized 'P'-type ATPases, the direction of cation transport is down rather than against the electrochemical gradient. It is unclear why an energy-dependent system should be required for this process. An important clue as to their function is provided by the observation that mgtB transcription is greatly increased during phagocytosis of a pathogenic S. typhimurium strain into the vacuole of an epithelial cell line (Portillo et al., 1992) . More recently, it has been shown that the mgtCB operon forms part of a pathogenicity island in S. typhimurium and that mgtC expression is essential both for intramacrophage survival and for virulence in a mouse model (Blanc-Potard and Groisman, 1997). The intramacrophage survival defect exhibited by mgtC knockout mutants can be rescued by exposure to Mg 2þ , indicating a central role for this ion in the interaction between macrophage and parasite in this instance.
Six putative bacterial Ca 2þ ATPases have been identified, although this is an inference so far based on sequence homologies alone (see Table 1 ).
Mycobacterial 'P'-type ATPases
The pathogenicity of the important human bacterial pathogens Mycobacterium tuberculosis and Mycobacterium leprae is at least in part related to their ability to grow and multiply within host macrophages. The intraphagosomal microcellular environment differs markedly from the extracellular milieu in terms of osmolality, metal ion concentrations, pH and nutrient availability, demanding the modulation of the parasite's homeostatic responses. Thirteen mycobacterial 'P'-type ATPases have appeared on the databases: 11 in M. tuberculosis and two in M. leprae. Assignation of function is so far based on sequence homology alone, although we are attempting the functional characterization of some of these proteins. The apparently restricted number of 'P'-type ATPases in M. leprae may be a reflection of the proteomic streamlining characteristic of obligate parasites, in which functional redundancy is kept to a minimum. This characteristic is seen throughout the M. leprae genome in which many members of paralogous gene families have become pseudogenes.
Both of the M. leprae ATPases (ctpA and ctpB ) and 7 of the 11 M. tuberculosis proteins (ctpA, ctpB, ioD7, yhho, y71, 2097 and 830) are putative 'heavy metal' pumps. Sequence alignments place ctpA, ctpB and ioD7 in the Cu 2þ -transporting group, while yhho has some affinities with the Cd 2þ transporters. However, these inferences are highly tentative in the absence of functional data. M. tuberculosis also possesses a putative Ca 2þ pump (y39 ), a putative proton pump (y21 ) and a kdpB ATPase (see Table 1 ).
Nramp and Mramp -a new class of metal ion transporter
The energy expended by one or more 'P'-type ATPases in maintaining transmembrane electrochemical gradients is also likely to contribute to the functioning of secondarily active transporters of metal ions. The Nramp (natural resistance-associated macrophage protein) family are novel members of the latter class of transporter and constitute a group of homologous hydrophobic membrane proteins associated with resistance to infection in mice by such phylogenetically and immunologically distinct intracellular pathogens as Mycobacterium bovis (BCG), Salmonella typhimurium and Leishmania donovani. The mechanism is independent of immunological resistance. First identified in inbred populations of mice (Vidal et al., 1995) , homologues are now known from a wide variety of organisms, including humans, insects, plants, yeast (Cellier et al., 1995; and, most intriguingly, the intracellular pathogens M. leprae and M. tuberculosis (accession nos. U15184 and Z95212 respectively). The latter, which we have designated 'Mramp', was recently identified through the M. tuberculosis genome-sequencing initiative undertaken by the Sanger Centre, UK. Interestingly, no homologues have been identified in the completely sequenced genomes of free-living bacteria with the exception of E. coli. In mammals, two isotypes have been identified -Nramp1 and Nramp2 -the former restricted to cells of the macrophage/monocyte lineage, the latter expressed ubiquitously (Cellier et al., 1996) .
ᮊ 1998 Blackwell Science Ltd, Molecular Microbiology, 28, [403] [404] [405] [406] [407] [408] [409] [410] [411] [412] Accumulating evidence points to the function of the Nramp family as divalent cation transporters of broad specificity (Gunshin et al., 1997) . Thus, the 10-12 hydrophobic membrane-spanning domains common to all members are highly conserved, and the amphipathic character of several of these domains is very suggestive of a transmembrane hydrophilic pathway. Secondly, a consensus transport motif common to a variety of bacterial periplasmic transporters (the prokaryotic binding protein-dependent transport signature) is located in the cytoplasmic loop after transmembrane segment 8 (Fig. 2) . Thirdly, the yeast Nramp homologue, SMF1, has been shown to be associated with high-affinity Mn 2þ uptake (Supek et al., 1997) .
Most recently, a ubiquitously expressed rat homologue of Nramp2 (designated DCT1 ) has been shown through formal electrophysiological studies in Xenopus oocytes expressing DCT1 mRNA to function as a divalent cation/ proton symporter of broad specificity (Gunshin et al., 1997 uptake was observed at an extra-oocytic pH of 5.5.
Competition for heavy metal cations may be related to intracellular survival
The discovery that Nramp proteins are divalent cation transporters and the observation that many macrophage-inhabiting intracellular pathogens possess active cation-transporting mechanisms of their own permits a new conceptual synthesis. While the Nramp cation transport specificity is fairly broad, it is nevertheless restricted predominantly to the divalent cations of transition elements. Many of these have several stable oxidation states enabling them to take part in redox reactions. As discussed earlier, several of these metals are precisely those required for the functioning of the redox enzymes, superoxide dismutase and catalase. Parasite-encoded versions of these enzymes represent a major line of defence against the reactive oxygen intermediates generated by the macrophage during the 'respiratory burst', one of the major bactericidal mechanisms used by the host. Mycobacteria reside within the phagolysosome compartment of the macrophage, the arena in which many of the host's killing mechanisms operate. This is a dynamic microenvironment, which alters as the phagosome progresses along a well-defined maturation pathway. M. tuberculosis arrests this maturation at the early phagosome stage, preventing the acidification of the phagosome below a pH of about 6.3. Other parasites, such as Leishmania spp., reside in a pH below 5.0 (Russell, 1995) . Immunolocalization studies have demonstrated that Nramp1 is recruited to the early phagosome membrane (Gruenheid et al., 1997) . This strongly suggests that Nramp1 is involved in the modulation of the divalent cation ᮊ 1998 Blackwell Science Ltd, Molecular Microbiology, 28, 403-412 Fig. 2 . Model (modified from Supek et al., 1997; Gunshin et al., 1997) illustrating the proposed competition between macrophage and intraphagosomal mycobacteria for divalent cations. It is envisaged that Nramp1, located in the membrane of the early phagosome, functions as a metal ion/proton symporter, which deprives the mycobacteria of divalent cations by export from phagosomes. The mycobacteria may counter this process through the actions of Mramp and the type 1 'P'-type ATPases, located in the bacterial plasma membrane, that pump metal ions from the phagosome into the bacterium. The associated accumulation of protons by the mycobacteria could be countered by a putative bacterial proton efflux pump. Divalent cations are required by mycobacteria for the proper functioning of superoxide dismutase (SOD) and catalase (CAT), which serve as a defence against reactive oxygen intermediates such as the superoxide anion (O 2 ¹ ) and hydroxyl radical (.OH) generated by the macrophage. X composition of the early phagosome, rendering it hostile to the parasite. It is therefore tempting to speculate that the mechanism of action of Nramp1 is to deplete the phagosome of the essential heavy metal cations required by the parasite for its own defences (Gunshin et al., 1997) . The parasite, in response, may compete against this deprivation using its own armoury of metal ion transporters, which, in the case of M. tuberculosis, may include Mramp and the several heavy metal 'P'-type ATPases. The delineation of the relative contributions of Mramp and 'P'-type ATPases to cation homeostasis in M. tuberculosis awaits experimental verification. The proposed macrophage-parasite interaction is illustrated in Fig. 2 .
Important questions requiring experimental elucidation include the functional characterization of Mramp (and its pH dependence), its localization (probably the mycobacterial plasma membrane), the relative orientations of Nramp, Mramp and the mycobacterial type I 'P'-type ATPases in their respective membranes and the manner of their expression during infection. If Mramp and Nramp1 behave as proton/divalent cation symporters like DCT1, then the relatively acidic intraphagosomal environment (even in M. tuberculosis-infected cells) would favour ion fluxes consistent with our model.
Concluding remarks
The recent identification of Nramp as a divalent cation transporter coupled with the discovery of complementary heavy metal transporters in important intracellular pathogens suggests that metal ion dynamics may prove to play a central role in the preimmunological interaction between macrophage and parasite. The experimental dissection of the details of these processes is an important objective that promises to provide fascinating insights into a fundamental area of biology and that may eventually lead to the identification of new therapeutic strategies.
